Chlamydia trachomatis infections are increasingly prevalent worldwide. Male chlamydial infections are associated with urethritis, epididymitis, and orchitis; however, the role of Chlamydia in prostatitis and male factor infertility remains controversial. Using a model of Chlamydia muridarum infection in male C57BL/6 mice, we investigated the effects of chlamydial infection on spermatogenesis and determined the potential of immune T cells to prevent infection-induced outcomes. Antigenspecific CD4 T cells significantly reduced the infectious burden in the penile urethra, epididymis, and vas deferens. Infection disrupted seminiferous tubules, causing loss of germ cells at 4 and 8 wk after infection, with the most severely affected tubules containing only Sertoli cells. Increased mitotic proliferation, DNA repair, and apoptosis in spermatogonial cells and damaged germ cells were evident in atrophic tubules. Activated caspase 3 (casp3) staining revealed increased (6-fold) numbers of Sertoli cells with abnormal morphology that were casp3 positive in tubules of infected mice, indicating increased levels of apoptosis. Sperm count and motility were both decreased in infected mice, and there was a significant decrease in morphologically normal spermatozoa. Assessment of the spermatogonial stem cell population revealed a decrease in promyelocytic leukemia zinc finger (PLZF)-positive cells in the seminiferous tubules. Interestingly, adoptive transfer of antigen-specific CD4 cells, particularly T-helper 2-like cells, prior to infection prevented these effects in spermatogenesis and Sertoli cells. These data suggest that chlamydial infection adversely affects spermatogenesis and male fertility, and that vaccination can potentially prevent the spread of infection and these adverse outcomes.
INTRODUCTION
Chlamydia trachomatis (Ct) is the most prevalent sexually transmitted infection globally with an estimated 106 million new infections annually [1] , many of these in developing countries. Furthermore, control programs, based on early screening and antibiotics, have not halted this increase in developed countries [2, 3] , and it is believed that a vaccine is the only way to control this epidemic [4] . Although most research in the chlamydial field focuses on infection and disease in females, many studies have shown an equivalent prevalence of infection in both females and males [5] .
The inflammatory sequelae of chlamydial infection in females, leading to pelvic inflammatory disease, tubal factor infertility, and ectopic pregnancy, are well documented [6] ; however, the effects of chlamydial infection on male fertility remain relatively unknown. Chlamydial infection as a cause of urethritis, epididymitis, and orchitis in males is well accepted, although the role of Chlamydia in prostatitis is still controversial [7] , despite the incidence of infection being as high as 40% [8] in patients with prostatitis. Similarly, the effect of chlamydial infection on male fertility, particularly impaired spermatogenesis, is widely debated [9] . Several studies have reported an association between Ct infection and reduced sperm motility, increased sperm abnormalities, reductions in sperm viability, and reduced semen density [10, 11] . However, many studies have not reported an association between impaired spermatogenesis and Ct infection [7, 12, 13] . Gallegos et al. [14] recently showed that chlamydial infection (and Mycoplasma spp.) increased sperm DNA fragmentation compared with noninfected controls, even though other parameters, such as motility, appeared normal. Furthermore, antibiotic treatment reduced the numbers of patients with fragmented DNA and improved pregnancy outcomes for female partners. Increased anti-chlamydial immunoglobulin A (IgA) levels were associated with reduced male fertility, and sperm from men with high levels of anti-chlamydial antibodies in seminal plasma have decreased acrosome reaction capacity [15] and increased levels of sperm lipid peroxidation [16] . Although many of these studies support a link between Ct infection and adverse effects on spermatozoa, none of these studies investigated whether chlamydial infection affected the function of somatic testicular cells, such as Sertoli cells and Leydig cells, whose functions are essential for normal sperm development. Sertoli cells support developing germ cells through all stages of spermatogenesis [17] , whereas Leydig cells are a key source of androgens [18] . It is currently unknown whether ascending chlamydial infection targets either of these key testicular cells.
Recently Pal et al. [19] described a male mouse model of chlamydial infection using the mouse-adapted Chlamydia muridarum (Cmu). Infection of C3H/HeN mice with Cmu via the meatus urethra caused ascending infection, with bacteria recoverable from the urethra, bladder, epididymides, and testis, thus replicating human male infection. This model provides a valuable tool to study the effects of chlamydial infection in males and the development of vaccination strategies to protect males, an area that has been largely neglected. Although it is well documented that protection of female mice against Cmu infection requires a strong T-helper 1 (Th1) response, where interferon gamma (IFNc)-mediated activation of GTPases and nitric oxide provide protection [20, 21] , the type of immune response required to protect males, where infection occurs in the immune-privileged environment of the male reproductive tract, is less clear. Indeed, studies of experimental autoimmune orchitis (EAO) have implicated tumor necrosis factor alpha (TNFa) and IFNc-producing CD4 T cells as major causes of EAO. In mice and rats EAO can be induced by 1) infection of one testis with Listeria monocytogenes, which results in EAO in the contralateral testis [22] ; 2) subcutaneous injection of syngeneic testicular germ cells [23] ; 3) immunization with syngeneic testis homogenate in Freund adjuvant [24] ; or 4) by adoptive transfer of sperm and/or testis antigen-specific CD4 T-cell clones elicited by either Listeria infection or immunization with testis antigens [22, 24, 25] . In all of these models the development of orchitis is associated with the production of IFNc, either alone or in combination with TNFa [24] or interleukin 17 (IL17) [26] . These data suggest that the type of immune response required to prevent chlamydial infection, at least in female mice, has the potential to cause inflammatory damage in the male reproductive tract. Notwithstanding this, our recent studies showed that adoptive transfer of immune CD4 T cells to male mice provided some protection against challenge with Cmu, as evidenced by a significant reduction in recoverable Chlamydia in the penile urethra and the testis [27] . The CD4 T cells used in these studies had a mixed Th1/Th2 phenotype, producing equivalent levels of IFNc, TNFa, and IL10, as well as low levels of IL4 and IL5. Although these cells provided partial protection against infection, their effect on spermatogenesis was not determined.
In the current study we have adoptively transferred equivalent numbers of Cmu major outer membrane protein (MOMP)-specific CD4 T cells isolated from animals immunized with MOMP plus complete Freund adjuvant plus CpG oligonucleotides, which elicits high levels of IFNc production (MOMP-IFN Hi cells) or Alum (Alhydrogel), which is a poor inducer of IFNc-secreting CD4 T cells (MOMP-IFN Lo ), prior to urethral challenge with Cmu, in order to determine 1) the effect of chlamydial infection on spermatogenesis and 2) whether immune CD4 T cells provide protection. Collectively, our data show that infection of male mice with Cmu results in ascending infection to the testis, altered Sertoli cell function, and impaired spermatogenesis, and that most of these effects can be partly or fully prevented by adoptive transfer of MOMP-IFN Lo (Th2-like) immune T cells.
MATERIALS AND METHODS

Mice
Male C57Bl/6 mice (age .5 wk) were purchased from the Animal Resources Centre (Canning Vale, Australia). Mice were housed in ventilated cages and were given access to food and water ad libitum. All experimental procedures were performed in accordance with the Australian code of practice for the care and use of animals for scientific purposes (National Health and Medical Research Council of Australia) and were approved by the Animal Ethics Committees of the Queensland University of Technology (approval 0800000824) and the University of Newcastle (approval A-2011-152).
Immunizations
Donor mice were subcutaneously immunized on Day 0 with 100 lg of recombinant maltose-binding protein (MBP)-tagged C. muridarum MOMP (MBP-MOMP), produced as described previously [28] , in combination with either complete Freund adjuvant (Sigma-Aldrich, Castle Hill, Australia) plus 10 lg of CpG oligonucleotides (5 0 -TCCATGACGTTCCTGACGTT-3 0 ; SigmaAldrich) or 2% Alhydrogel (Auspep, Tullamarine, Australia) adjuvants. Booster immunizations of 50 lg of MBP-MOMP in either IFA/CpG or Alum were given on Days 7 and 14. Nonimmune donors were given 50 ll of PBS subcutaneously on Days 0, 7, and 14.
In preliminary experiments, spleens from groups of 10 immunized mice were collected at Day 21, and splenocytes were stimulated with MOMP (10 lg/ ml) for 72 h, as described previously [29] . Supernatants from MOMPstimulated splenocytes were then analyzed for cytokine levels using a Bio-Plex Pro mouse cytokine Th1/Th2 immunoassay (BioRad, Gladesville, Australia).
Adoptive Transfer
At Day 21, groups of 24 immunized donor mice were euthanized by a lethal injection of sodium pentobarbitone. Spleens were collected and processed through a nylon cell strainer into Dulbecco minimal essential medium (DMEM) supplemented with 10% heat-inactivated fetal calf serum (FCS), 100 U/ml penicillin, 100 lg/ml streptomycin sulfate, 2 mM L-glutamine, 30 lM 2-mercaptoethanol, and 120 lg/ml DNase I. MOMP-IFN 
C. muridarum Challenge
A total of 24 h following adoptive transfers, recipient mice were challenged with 10 6 inclusion-forming units (IFUs) of C. muridarum (Weiss strain) via intrapenile inoculation, as previously described [19, 30] .
Determination of Chlamydial Burden in Male Reproductive Tissues
Recipient mice were euthanized by a lethal injection of sodium pentobarbitone at 4 wk after Cmu challenge. Male reproductive tissues (penis, testes, epididymes, vas deferens, bladder, prostate, and seminal vesicles) were collected from each mouse and placed into 500 ll of sucrose-phosphateglutamine. Tissues were then homogenized using an Omni TH homogenizer (Omni International, Kennesaw, GA), and doubling dilutions of the tissue homogenates were added to McCoy cell (American Type Culture Collection [ATCC] CRL-1696) monolayers in 96-well plates. Plates were incubated at 378C for 4 h, and the tissue homogenates were then removed and replaced with fresh, supplemented DMEM containing cyclohexamide (1 lg/ml). Plates were incubated for an additional 24 h at 378C, and cells were then fixed with methanol. Chlamydial inclusions were stained, visualized, and quantified as described as described previously [29] . Data are expressed as the number of IFUs per gram of tissue.
Reagents
Mouse monoclonal anti-tyrosine tubulin antibody (tyrosine tubulin; T9028) was purchased from Sigma Chemical Co. 
Histological Evaluation of Testis
Testes were placed in Bouin fixative for 24 h, washed in 70% ethanol, paraffin embedded, and serially sectioned (4 lm thick) throughout half the testis, with every fourth slide counterstained with hematoxylin and eosin. The number of seminiferous tubules per square millimeter was then counted on each hematoxylin and eosin section. Seminiferous tubule area was then calculated using ImageJ software using the free hand selection tool and measure functions (National Center for Biotechnology Information). Pictures were taken using an Olympus DP70 microscope camera (Olympus America, Center Valley, PA).
TUNEL Analysis
Bouin-fixed sections were deparaffinized and rehydrated as mentioned previously. Sections were then boiled in Tris buffer (50 mM, pH 10.6) for 20 min and treated with 20 lg/ml Proteinase K for 15 min in a humidified chamber. TUNEL analysis was then performed using an In Situ Cell Death Detection Kit, Fluorescein (Roche Diagnostics Pty. Ltd., Dee Why, Australia) according to the manufacturer's instructions. Slides were then counterstained with 4-6-diamidino-2-phenylindole (DAPI) for 5 min, mounted in Mowiol (Polysciences Inc., Warrington, PA), and observed using an Axio Imager A1 epifluorescent microscope (Carl Zeiss Microimaging Inc., Thornwood, NY). Images were captured using on Olympus DP70 microscope camera (Olympus).
Immunohistochemistry
Testes for immunohistochemistry were fixed in Bouin and sectioned 4 lm thick. PCNA, active Casp3, and tyrosine tubulin were stained using the same protocol with the exception of the primary antibody. Slides were deparaffinized in xylene and rehydrated with subsequent washes in decreasing concentrations of ethanol. Antigen retrieval was performed by microwaving sections for 3 3 3 min in Tris buffer (50 mM, pH 10.6). Sections were then blocked in 3% bovine serum albumin (BSA)/tris buffered saline (TBS) for 1.5 h at room temperature. The following solutions were diluted in TBS containing 1% BSA. Sections were incubated with either anti-PCNA (1:80), anti-Casp3 (1:200), anti-PLZF (1:100), or anti-tyrosine tubulin (1:200) for 1 h at room temperature. After washing in TBS containing 0.1% Triton X-100, sections were incubated with the appropriate fluorescence-conjugated secondary antibodies (Alexa Fluor 594 goat anti-rabbit IgG, Alexa Fluor 594 goat anti-mouse IgG) for 1 h. Slides were then counterstained with DAPI for 5 min, mounted in Mowiol, and observed on an Axio Imager A1 fluorescent microscope under fluorescent optics, and pictures were taken using a Olympus DP70 microscope camera.
Sperm Analysis
Sperm were collected from male mice by dissecting the cauda epididymides and squeezing out the dense sperm mass along the tube. The sperm from each epididymis were then allowed to disperse into 2 ml of M2 medium for 15 min at 378C in 5% CO 2 . Sperm counts and motility were analyzed using a hemocytometer. Sperm were then methanol fixed on poly-L-lysine slides and stained using the Diff-Quick Stain Kit (BDH, Poole, U.K.) for morphological analysis under light microscopy. The proportion of normal sperm was determined on the basis of the total number of sperm counted (!200) for each epididymis. All preparations for analysis of morphology were coded and scored in a blinded fashion.
Cell Culture
C. muridarum was propagated in McCoy cells and elementary bodies (EBs) purified on a discontinuous Renografin gradient as described elsewhere [31] . Mouse Leydig (TM3; ATCC CRL-1714) and Sertoli (TM4; ATCC CRL-1715) cells were purchased from the ATCC. The mECap18 (epididymal epithelium) cells [32] were a generous gift from Dr. Petra Sipila (University of Turku, Turku, Finland). Cells were maintained in DMEM/F12 supplemented with 10% FCS, 100 lg/ml streptomycin sulfate, 50 lg/ml gentamycin, and 2 mM Lglutamine. All experiments were performed at 378C and 5% CO 2 atmosphere. To determine susceptibility to infections, purified EBs were added to 80% confluent TM3, TM4, or mECap18 cells in 96-well plates at a multiplicity of infection (MOI) of 0.5 (titrated on McCoy cells) for 24 h at 378C, 5% CO 2 . Apoptosis (annexin V staining) and necrosis (ethidium homodimer III uptake) were determined using an Apoptotic/Necrotic/Healthy Cells Detection Kit (Banksia Scientific Company, Bulimba, Australia). For the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, cells were infected at an MOI of 1 for 6, 12, 24, or 36 h, and an MTT assay was performed as described elsewhere [33] . Reduction in mitochondrial function was determined relative to untreated cells at each time point. For confocal microscopy, Sertoli cells were grown on glass coverslips overnight, and then infected at an MOI of 1. After 4 h media was removed, and fresh media with recombinant mouse IFNc (50 U/ml), or penicillin G (50 U/ml) was added to induce chlamydial persistence [34] . Cells were fixed with methanol and blocked for 1 h with 5% FCS in PBS. Cells were then incubated in a primary antibody cocktail of sheep anti-MOMP (1:250) and rabbit anti-PARP cleavage antibody (214/215; 1:1000; Invitrogen) in blocking solution for 1 h at room temperature. Cells were washed three times with PBS þ 0.5% Tween 20 (PBST), and a secondary antibody cocktail of Alexa Fluor 488 goat anti-sheep IgG (1:2000) and Alexa Fluor 647 goat anti-rabbit IgG (1:2000) was added for 1 h at room temperature. Cells were washed three times with PBST and incubated with DAPI in PBS for 20 min at room temperature, then washed three times in PBS and mounted onto glass slides with Prolong Gold (Invitrogen). Images were taken using a Leica Confocal SP5 microscope.
Statistics
Comparisons between the control and treatment groups in Figure 7 were performed using an unpaired Student t-test. The assigned level of significance for all tests was P , 0.05.
RESULTS
Cytokine Secretion by MOMP-Specific Immune CD4 T Cells
MOMP-immune and naive donor CD4 T cells were .95% CD4 þ as determined by flow cytometry (data not shown). Consistent with previous studies [35, 36] , in vitro stimulation of splenocyte cells from mice immunized with Freund adjuvant combined with CpG resulted in a cytokine response dominated by IFNc (.1700 pg/ml) secretions, whereas restimulation of cells from animals immunized with MOMP in Alhydrogel (Alum) resulted in a cytokine response dominated by IL10 and very low levels of IFNc (,80 pg/ml; Fig. 1 ). Cells from both groups produced detectable TNFa. CD4 T cells from animals (Table 1) . Only 20% of recipients of immune CD4 T cells were still Chlamydia positive in the epididymis, whereas 60% of recipients of naive CD4 T cells were still positive. Adoptive transfer of immune CD4 T cells also reduced the number of animals positive for Cmu in the vas deferens; however, no protection was evident in the testis of recipients of immune CD4 T cells, because all animals were Chlamydia positive (Table 1) , although recoverable IFUs were reduced in recipients of immune CD4 T cells.
MOMP-IFN
Hi and MOMP-IFN Lo CD4 T Cells Protect Against Chlamydia-Induced Germ Cell Loss
Testis from mice adoptively transferred with naive nonimmune CD4 T cells contained disrupted seminiferous tubules with a partial or complete loss of germ cells at both 4 and 8 wk after infection (p.i.), with the most severely compromised tubules containing only Sertoli cells ( Fig. 2A; Supplemental  Fig. S1 , Supplemental Data are available online at www. biolreprod.org). A considerable increase in the number of seminiferous tubules per square millimeter (P , 0.01; Fig. 2B ) alongside a decrease in seminiferous tubule area (P , 0.01; Fig. 2C ) was also observed in recipients of naive CD4 T cells. Histological sections from recipients of immune CD4 T cells exhibited normal testicular morphology, with full spermatogenesis at both 4 and 8 wk p.i. (Fig. 2A) . Seminiferous tubule counts per square millimeter revealed no significant difference between control noninfected and MOMP-IFN Hi /MOMP-IFN Lo CD4 T-cell adoptively transferred mice p.i (Fig. 2B) . The average seminiferous tubule area of MOMP-IFN Hi CD4 T-cell recipient mice was noticeably reduced at 4 wk p.i., but was comparable with that of the control at 8 wk p.i. (Fig. 2C) . These results suggest that Chlamydia causes persistent germ cell loss and abnormal spermatogenesis in infected mice, and that adoptive transfer of both MOMP-IFN Hi and MOMP-IFN Lo CD4 T cells can prevent this pathology. PCNA, a marker of mitotic proliferation and DNA repair, was immunolocalized to spermatogonial and damaged germ cells within the seminiferous tubules in all treatment groups (Fig. 3A) . Intensely red fluorescent nonspermatogonial cells (no longer proliferating) were identified as being in a state of DNA repair, with the number of tubules containing three or more of these cells being scored (Fig. 3B) . Recipients of naive CD4 T cells contained more tubules with intensely red fluorescent cells compared with the noninfected controls at both time points. Recipients of MOMP-IFN Hi CD4 T cells also had more tubules with intensely fluorescent cells compared with the noninfected controls at 8 wk p.i., whereas there was no difference between recipients of MOMP-IFN Lo CD4 T cells and noninfected controls. TUNEL, a technique used to detect DNA strand breaks and therefore end-stage apoptosis, also revealed a higher incidence of DNA damage in naive CD4 Tcell recipients at both time points, and mice adoptively transferred with MOMP-IFN Hi CD4 T cells at 8 wk p.i. (Fig.  4) . Collectively, these results suggest Chlamydia induces germ cell loss via apoptosis in the testis, and that MOMP-IFN Lo CD4 cells provided long-term protection against this effect.
MOMP-IFN Hi and MOMP-IFN Lo CD4 T Cells Protect Against Chlamydia-Induced Abnormal Sertoli Cell Morphology and Apoptosis
The identification of Sertoli cell-only tubules led us to examine whether this cell type contributes to the testicular 
CHLAMYDIA-INDUCED DESTRUCTION OF SERTOLI CELLS
pathology observed in recipients of naive CD4 T cells. The Sertoli cell cytoplasm was visualized by tyrosine tubulin immunofluorescence (Fig. 5A) . A dramatic increase in the number of atrophic tubules containing Sertoli cells with increased vacuolization was observed at 4 wk p.i. in recipients of naive CD4 T cells (Fig. 5B) . At 8 wk p.i. testis morphology in these mice began to resemble that of the noninfected controls, with developing germ cells being present in atrophic tubules, although a number of atrophic tubules remained persistent, with abnormal Sertoli cell morphology still being observed in these tubules. Adoptive transfer of both types of immune CD4 T cells protected against this pathology. The spermatogonial stem cell marker PLZF was immunolocalized to spermatogonia in both control and infected animals (Fig. 6 ). Germ cells with positive PLZF staining were reduced in infected testis at 4 and 8 wk p.i. (Fig. 6) , even in recipients of immune CD4 T cells.
Interestingly, active Casp3, an early marker of apoptosis, was also immunolocalized to the Sertoli cells in recipients of naive CD4 T cells ( Fig. 7A; Supplemental Fig. S2 ). At 4 wk p.i., there was an increase (;6.5-fold; P , 0.01) in tubules with Sertoli cell-active Casp3 fluorescence compared with the uninfected controls and recipients of immune CD4 T cells (Fig.  7B) . At 8 wk p.i. there was still more Casp3 fluorescence in recipients of nonimmune CD4 T cells, although the increased level was less severe (;2.5-fold). The level of active Casp3 fluorescence at both time points was not significantly different between the uninfected controls and recipients of immune CD4 T cells. The detection of apoptotic germ cells and depleted spermatogonia-specific stem cell marker associated with reduced seminiferous tubule diameter and abnormal morphology in the testis suggests that the early stages of spermatogenesis are vulnerable, perhaps because of the loss of a functional Sertoli cell. Combined, these results suggest that Chlamydia infection causes Sertoli cell apoptosis, which decreases with time, although the abnormal testicular morphology associated with this pathology remains persistent despite the apparent clearance of acute chlamydial infection from the lower tract.
Adoptive Transfer of MOMP-IFN
Hi and MOMP-IFN Lo CD4 T Cells Protects Against Chlamydia-Induced Abnormal Sperm Parameters
Given the Sertoli cell pathology and abnormal spermatogenesis observed in recipients of naive CD4 T cells, we next observed the effects of Chlamydia infection on sperm count, motility, and morphology (Fig. 8) . Mice receiving naive CD4 T cells had an observable decrease in sperm count compared with control animals at both time points, although this was not significant (Fig. 8A) . No significant difference was also observed between recipients of MOMP-IFN Hi CD4 cells and noninfected control animal sperm counts at both time points. Recipients of MOMP-specific MOMP-IFN Lo CD4 T cells had a significant increase in sperm number (P , 0.05) compared with control animals at 4 wk p.i., and this returned to control values at 8 wk p.i. Visual sperm motility (%) was significantly decreased in recipients of naive (P , 0.01) and Th1 CD4 þ (P , 0.05) cells at 4 wk after infection, and this returned to control values at 8 wk p.i. (Fig. 8B) . A significant decrease in the percentage of morphologically normal spermatozoa (P , 0.01) was observed in all infected groups at 4 wk p.i., with the recipients of naive CD4 T cells being the most significantly decreased (Fig. 8, C and D) . Sperm morphology in MOMP-IFN Lo CD4 T-cell recipients returned to control values at 8 wk p.i., although sperm morphology continued to decrease in mice adoptively transferred with both naive and MOMP-IFN Hi CD4 T cells. These results suggest that chlamydial infection does not significantly decrease sperm counts but does significantly decrease sperm morphology, a pathology prevented by MOMP-IFN Lo cells but not MOMP-IFN Hi cells.
Chlamydial Infection of Sertoli Cells Affects Metabolic Function but Does Not Directly Induce Apoptosis
To further investigate the effects of chlamydial infection on male reproductive tract cells, we infected mouse epididymal epithelial (mECap18), Leydig (TM3), and Sertoli (TM4) cell lines with Cmu. Sertoli cells were significantly more susceptible to chlamydial infections compared with Leydig (56% increase; P , 0.01) and epididymal (17% increase; P , 0.05) cells (Fig. 9A) . In monoculture all cells were also negative for apoptosis (annexin V staining) or necrosis (ethidium homodimer III uptake; data not shown). Because Leydig and Sertoli cells are crucial in spermatogenesis and maintenance of immune privilege, we also evaluated mitochondrial function during infection using the MTT assay (Fig.  9B) . Late in the infection, only Sertoli cells had a significant decrease in cellular metabolic activity compared with Leydig or epididymal cells. Because both Casp3-positive and TUNELpositive markers of apoptosis of Sertoli cells were observed in vivo, but not in vitro, we infected Sertoli cells and then treated them with penicillin or IFNc (Fig. 9C) . When Sertoli cells were infected with Cmu and incubated with increasing concentrations of IFNc, there was dose-dependent annexin V staining demonstrating that IFNc was exacerbating apoptosis in infected cells. This IFNc-mediated apoptosis was further confirmed when Sertoli cells were stained for apoptosismediated cleavage of PARP (Fig. 9D) . Interestingly, penicillininduced persistence did not induce apoptosis.
DISCUSSION
Despite significant chlamydial prevention and screening programs, infection rates in men continue to rise, posing significant risks to long-term human health and unsustainable demands on health funding. Thus, we have an urgent need for the development of a safe and effective chlamydial vaccine for young males that is based on a thorough understanding of the complex immune response to Chlamydia infection in the male reproductive tract. This study reveals, to the first of our knowledge, evidence of a chlamydial-mediated decrease of factors associated with male fertility in mice, although there is literature to support loss of fertility and orchitis after chlamydial infection in male cattle and koalas [37, 38] .
Infertility associated with chlamydial infection in male humans is controversial, and studies are often limited and retrospective. This is in part due to the asymptomatic nature of the infection, where it is estimated that 50% of men with Chlamydia fail to show any symptoms [39] . The disparity between results poses limitations for the relevance of current diagnostic testing, such as urine-based PCR, particularly 
CHLAMYDIA-INDUCED DESTRUCTION OF SERTOLI CELLS
because this has limited sensitivity in determining persistent testicular infection. Similarly, other more traditional tests, such as serology, can only confirm prior infection and again have limited sensitivity (reviewed in Akande et al. [9] ).
In fact, multiple studies [40] [41] [42] [43] [44] [45] do link Chlamydia infection with male subfertility and/or poor sperm quality. In contrast, there have been several reports that suggest that positive markers for C. trachomatis infection are not associated with altered sperm parameters and quality [12, 13, 46] . This is compounded by female infection and sequelae; for example, examination of chlamydial incidence via direct immunofluorescence and culture of urethral swabs in age-matched partners of infertile couples and fertile control participants demonstrated rates of Chlamydia infection to be 25% and 4%, respectively [47] . However, it remains difficult to correlate all of the above studies because of the variance among the experimental protocols and subject populations, including the differences in patient demographics, the methods of chlamydial diagnoses used, and the samples that were examined [7] . Excitingly, our findings may shed light on the origin of the discrepancies in the results in the human studies because this the first report to show in an experimental mouse model that active testicular infection is possible when lower reproductive tract and accessory organs are negative for evidence of chlamydial infection. Because in these human studies, urine and urethral samples would also be negative for evidence of Chlamydia, this could contribute to the poor correlation seen in human studies [48, 49] .
Although all of the studies in humans considered the direct effects that Chlamydia infection may have on the fertility of untreated males, it is also important to reflect on the role that the immune response to bacterial infection may play in creating the observed pathophysiology. Although the biochemical environment, and immune response, of reproductive organs, such as the prostate and the epididymis, closely relate to those of other mucosal tissues, the specialized environment of the developing sperm within the testes is immunologically privileged. In the context of the testes, the life span of the neutrophils is particularly important, because these cells are a major source of tissue-damaging cytokines during acute infection [50] , and a prolonged life cycle for these cells may contribute to fibrosis and infertility. In support of this, evidence has emerged indicating that both Ct [51] and Chlamydia pneumoniae [52] may delay neutrophil apoptosis, prolonging their life span, which may have severe consequences if Chlamydia also delays neutrophil apoptosis this in the testes. 
SOBINOFF ET AL.
The testis is compartmentalized, with spermatogenesis taking place within the blood-testis barrier in the seminiferous tubules, whereas androgens are synthesized by the Leydig cells in the interstitial compartment between the tubules. The columnar Sertoli cells extend from the basal lamina towards the lumen of the tubules and are responsible for the physical support of the developing germ cells, as well as for providing essential nutrients and growth factors. The interstitium also contains blood vessels and immune cells, such as macrophages, neutrophils, dendritic cells, lymphocytes, and mast cells [53] . We hypothesize, based on the testicular pathology in our infected animals and in vitro infection studies, that the Sertoli cells could harbor Chlamydia, allowing persistent infection and reactivation.
Sertoli cells provide essential support for developing sperm cells in the testis and have a critical role in the establishment and maintenance of immune privilege. A number of studies have demonstrated that Sertoli cells possess the ability to act as immunosuppressants [54] and are capable of being transplanted and resisting rejection in allografts and xenografts [55] [56] [57] , and can also induce immune tolerance [54] . Importantly, it has been shown that IFNc or TLR agonists induce a significant increase in TLR2 mRNA expression in Sertoli cells, an action that may support TLR2 signaling in response to Chlamydia [58] . Further to this, stimulation with proinflammatory cytokines resulted in Sertoli cells being able to bind lymphocytes, as well as secrete IL6, indicating the potential to promote inflammation in the testis [58] . Thus, our findings provide a mechanism by which Sertoli cell chlamydial infection and reactivation could escape immune surveillance, giving rise to extensive testicular pathology and infertility [59] .
The expression of the classical intrinsic apoptosis marker activated Casp3 was associated with increased DNA damage and cell death in the infected testis compared with control animals (Fig. 5A) . The spermatogonial stem cell marker PLZF was immunolocalized to the spermatogonia in both control and infected animals. Germ cells with positive staining for PLZF were reduced in the infected adult testis (Fig. 8) . The detection of apoptotic germ cells and depleted spermatogonia-specific stem cell markers, associated with reduced seminiferous tubule diameter and abnormal morphology in infected testis, suggests that the early stages of spermatogenesis are particularly vulnerable to infection, impairing the establishment of the spermatogonial stem cell population and subsequent spermatogenesis. Our observations of the loss of spermatogonial stem cells [60] , the population resident in the testes at birth, is of interest because systemic neonatal infection [61] via maternal cervical infection could contribute to lifelong dysfunctional spermatogenesis. Experimental evidence in a rodent model supports the toxic effects of systemic lipopolysaccharide and subsequent adverse effects on spermatogenesis [62] .
Upon Ct infection of the lower reproductive tract, CD4 T cells become activated, begin to proliferate, and migrate to the genital mucosa [63] [64] [65] [66] [67] , where they exhibit the characteristic Th1 response required to aid in clearing bacterial infection by secreting large quantities of IFNc [68] . In our study we demonstrated that CD4 T cells alone were unable to protect against infection of the reproductive tract and that the Sertoli cells of the testes were particularly vulnerable. This showed an association with our in vitro cell infection experiments where IFNc-induced apoptosis in infected TM4 Sertoli cell line cells via Casp3, a pathway normally inhibited by chlamydial infection.
A central role for CD4 T cells in protection against chlamydiae in female infection models was demonstrated following systemic infection of CD4 À\À mice, with Ct resulting in higher infection load in primary infection and diminished protection from secondary infection [64] . However, there has been controversy regarding the protective immunity that CD4 T-cell memory provides following Ct infection [64, 69] , although most studies highlight the importance of CD4 T cells in providing protective immunity [27, 70] in both wild-type mice and B-cell-deficient mice to clear Ct genital infection, demonstrating that CD4 T-cell immunity was essential for protective immunity to secondary infection [64] . Evidence from Gondek and colleagues [71] supports this, whereby they demonstrated that direct infection of the upper female genital tract with Ct induces a robust Chlamydia-specific CD4 T-cell response that is both necessary and sufficient to clear infection and provide protection against reinfection. Interestingly, our high IFNc-secreting CD4 T cells provided less protection from pathology than CD4 T cells secreting low levels of IFNc, thus supporting our hypothesis that proinflammatory IFNc may be detrimental in the immune-privileged testes and is preliminary evidence that anti-inflammatory Th2 cells may be a better target of antichlamydial vaccines in males, unlike Th1 in females.
